the direct contamination of surface soils. Several of the contributions within the compilation of papers edited by Desmet and Myttenaere (1986) TcO 2 ) (3.01 ϫ 10 5 and 2.0 ϫ 10 5 yr, respectively) and they states within the environment, depending largely on reare expected to be mobile in both the geosphere and dox conditions and the presence of natural complexing biosphere as both radionuclides exist within the environagents such as humic and fulvic acids. Most experiments ment predominantly in anionic forms (Sparkes and Long, addressing surface contamination of soils have involved 1988). Chlorine-36 is a significant radionuclide in the the direct addition of 99 TcO 4 Ϫ to the soil: in this state disposal of UK Intermediate Level Waste (Nirex, 1993, 99 Tc behaves in a similar fashion to NO 3 Ϫ and is highly 1997, 2003) and Canadian spent fuel (Sheppard et al., mobile and bioavailable (Echevarria et al., 1998) . Ac-1996) . These previously published studies show that soilcordingly, soil-to-plant transfer factors, the ratio beto-plant transfer of 36 Cl within the biosphere is an importween radionuclide activity concentrations in plant tistant factor in determining the calculated radiation dose sue and soil (usually expressed on a dry weight basis), to man some thousands of years or more after closure are high (3.2 ϫ 10 Ϫ1 to 3.4 ϫ 10 3 ), and are the largest valof a deep radioactive waste repository.
ues in the International Union of Radioecology database. The four-year lysimeter experiment described in this
The current experiment, however, involved the migrapaper was designed to investigate the upward migration tion of both 99 Tc and
36
Cl from a highly reducing subof radionuclides in vegetated soils above near-surface surface zone into an aerobic topsoil within a lysimeter. ground water under conditions that were as natural as Under these conditions it was not certain whether prepossible. Thus, ambient hydrological inputs and outputs viously published soil-to-plant transfer factors for 99 Tc were used in the experimental design, which is described would apply. in detail by Burne et al. (1994) . This paper presents a Data for soil migration and plant uptake of 36 Cl are summary of results obtained for 36 Cl and 99 Tc in the exalmost completely absent from the literature. Coughtrey et al. (1983) reviewed the literature available for stable Tc would be substantially greater than observed were air-dried and divided into leaves, stems, chaff, and grain.
for the radioisotopes of Cs, Co, and Na reported in the From the 1992 harvest onward, the wheat ear was further diprevious paper in this series (Wadey et al., 2001 ).
vided to give a rachis and chaff sample. All samples were weighed and stored in a dry condition awaiting analysis.
MATERIALS AND METHODS Beta Analysis of Soil and Plant Material
The establishment, radiochemical dosing, and routine operation of the lysimeter system were described in detail by Burne The Tc were likely to be Ashford, UK) above an inert substrate of polythene beads present predominantly in the Cl Ϫ and TcO 4 Ϫ forms. A 10-g into which a cocktail of radionuclides could be introduced and (fresh weight) subsample of soil was removed from each depth circulated. Four successive crops of winter wheat were planted sample and placed in a 100-mL polythene centrifuge tube. in the autumn of each year from 1989 to 1992 and allowed to Deionized water (70 mL) was added and the centrifuge tube grow to maturity before harvesting in the late summers of 1990 was shaken for 2 h in an end-over-end shaker. The tubes were to 1993. Dosing of the lysimeter system with the radionuclide then centrifuged for 15 min in a bench centrifuge at 4000 rpm cocktail was performed in April or May of each year ( Tc by LSC. Ten milliliters of eluent were collected from the cation exchange column in a scintillation vial. Twenty microdown to the geotextile layer, which marks the base of the mineral soil within the lysimeters. All soil "depths" are thereliters of 1 M NaOH were added to each vial to increase the pH of the sample to a pH of Ͼ9. The samples were taken to fore recorded as "height above geotextile" which, for the purpose of this experiment, is the ground water flow distance dryness by freeze drying and then made up to 1 mL with de-ionized water and prepared for liquid scintillation counting
Root Distribution at Harvest
by the addition of 10 mL of OptiPhase Hisafe II scintillation Root distributions within lysimeters were measured on a fluid (Wallac/PerkinElmer). regular basis throughout the growing season, using a rigid To correct for any loss of 36 Cl or 99 Tc during the sample endoscope as described by Burne et al. (1994) . preparation procedure, one standard for each soil core was produced from 50 mL of soil water extract and 70 Bq of each
Statistical Analysis
radionuclide. This standard was treated in the same way as water extracts taken directly from the soil core samples (i.e., Data were subjected to a series of two-and three-way analysubject to the freeze-drying and anion exchange procedures ses of variance (ANOVA) based on the fixed treatment effects described above). Recovery from freshly spiked soil was 98% model (Sokal and Rohlf, 1969) . The following variates were ( 36 Cl) and 95% ( 99 Tc) using the deionized water extraction examined: method described here. Subsequent analyses have shown that
• soil activity concentration depth profiles (kBq kg Ϫ1 ) some reduction in recovery of 36 Cl occurs in soils as a result
• weighted mean soil activity concentrations (WMAC; kBq of binding to organic materials (Lee et al., 2001) . kg Tc from wheat a 1-g sample was placed in a pear-shaped glass flask with 10 mL of 16 M HNO 3 and Each of these variates was approximately log-normally disheated for 3 h from 90 to 120ЊC. The 36 Cl evolved was collected tributed, and the data were ln-transformed before analysis. in a series of three absorption traps containing 5 M NaOH.
This transformation produced approximately normally distribThe majority of the 36 Cl was collected in Trap 1, which conuted data sets with homogeneous variances, two fundamental tained 25 mL of 5 M NaOH at the start of the extraction.
prerequisites for ANOVA (Sokal and Rohlf, 1969) . The WMAC of a radionuclide within the soil profile under the same conditions as the samples. Radioactivity assocan be calculated as follows: ciated with the radionuclides was calculated as Bq kg Ϫ1 dry weight and is referred to within this paper as "activity concen- Cl WMAC in shallow lysimeters trations shown in Fig. 1 and 2 to be reduced to a single to deep lysimeters in 1992 and 1993 (Fig. 3A) . average value. The WMAC values were used to compare the soil activity concentrations that are potentially were significantly different between deep and shallow † Height above geotextile. ‡ Not significant at the 0.05 probability level.
lysimeters and from year to year. The
36
Cl WMAC val- Tc at harvest over the 4-yr experiment indicate that a at each harvest. Using these values, an inventory ratio significant fraction of the total lysimeter inventory was was calculated to estimate the degree of gross transfer of incorporated within crop tissues at harvest (Fig. 4) Weighted Soil-to-Plant Transfer Factors ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level.
Soil-to-Plant Inventory Ratios
Unlike the inventory ratio, the weighted soil-to-plant † Depth of water table. ‡ Not significant at the 0.05 probability level.
transfer factor (TF w ) can be used to estimate the overall the hypothesis that these radionuclides exhibit high ** Significant at the 0.01 probability level.
levels of geochemical mobility and biological incorpo-*** Significant at the 0.001 probability level.
ration. Previous information on 99
Tc suggested it to be † Depth of water table. ‡ Not significant at the 0.05 probability level.
the most highly mobile and biologically available radionuclide, with observed ranges of soil-to-plant TF valefficiency of radionuclide uptake, which takes into acues commonly exceeding unity (International Union of count the relative distributions of radionuclide activity Radioecology, 1989 Tc within the soil can be observed after a single growing season (Grogan, 1984) . The soil-to-plant inventory ratios observed in this study where [R] plant is the activity concentration of a radionuclide within a specific plant tissue determined at harvest.
suggest that harvest of the wheat crop resulted in the removal of approximately 2% of the total
99
Tc inventory Table 5 Cl exhibiting a much greater absolute soil-to-plant transfer and year-to-year variability in soilAgency, 1996) its high mobility in the geosphere and its very high soil-to-plant transfer factor have the potential to-plant transfer than 99 Tc. For deep and shallow lysimeters in 1990, the 36 Cl TF w value for stem tissue was apto make it a priority radionuclide in the context of solid radioactive waste disposal (Sheppard et al., 1996 ; Nirex, proximately eight to nine times greater than that for 99 Tc. The effect of water table depth on crop uptake 1997). Sheppard et al. (1996) identified the soil-to-plant transfer pathway as particularly significant for 36 Cl dewas also different for both radionuclides. Whereas 36 Cl TF w values were substantially greater for shallow lysimrived from radioactive waste disposal facilities; the data presented in this paper support this conclusion. eters than for deep lysimeters in 1991, this trend was reversed in 1993, leading to a significant interaction An effect noted in previous work on radioisotopes of Cs, Co, and Na (Wadey et al., , 2001 was an apbetween the year of the experiment and water table depth. This trend was also observed for soil activity parently greater root uptake efficiency, as measured by higher weighted soil-to-plant transfer factors, from lyconcentration profiles of 36 Cl ( Cl, however, the differences in TF w between deep and shallow lysimeters were not so clear, since we water table depth and year was not significant (Table 6) . This suggests that, in general, soil-to-plant transfer of measured a larger uptake from shallow lysimeters in 1991 and, later (1993) measured greater uptake from 99 Tc was more efficient in deep lysimeters in which a greater depth of soil was present in the oxic state. There deep lysimeters. This reversal in the relative 36 Cl uptake from deep and shallow lysimeters was brought about was a significant interaction between the year of harvest and the tissue type for the TF w for 99 Tc, demonstrating mainly by the high degree of year-to-year variability in Cl uptake by winter wheat in this study showed than in deep lysimeters (Wadey et al., 2001 ). It appears that for cationic radionuclides, the reduced density of a systematic and significant decrease each year from 1990 to 1993. This trend indicates a decreased overall roots in the region of deeper and more anoxic water tables is offset by enhancement of radionuclide bioavailefficiency of crop uptake with time. The pattern was more complex in the case of the TF w for 36 Cl in the deep ability. Since 36 Cl is anionic, however, the production of NH 4 ϩ ions at low redox potentials is not likely to exert lysimeters, although interpretation of TF w is complicated by the year-on-year variation in the pattern of any effect on its physicochemical sorption or on its bioavailability. A direct conversion from 99 TcO 4 Ϫ (Tc VII ) to root density distributions reported in the previous paper in this series (Wadey et al., 2001) . The data show that the more highly sorbed Cl in the Cl Ϫ form would not facilitate this kind of interaction, although we have previously presented evidence to suggest that such an interaction occurs (Lee et al., 2001 ). It appears that specific association between 36 Cl and low molecular weight components of the soil's humic substances can occur, thus reducing the chemical extractability of 36 Cl from the soil and, presumably, its bioavailability. In a recent lysimeter experiment Rodstedth et al. (2003) reported "storage" in lysimeter soils of chlorine in an organic form, which led to discrepancies between inputs and outputs of chlorine in the system, possibly a confirmation of our results.
Other controls on 36
Cl and 99
Tc behavior in the soilplant system are possible but have not been studied in detail as part of the experiment reported here. In particular, stable Cl Ϫ can influence the migration and uptake of 36 Cl, and Cl Ϫ concentrations in soils can vary substantially due to factors such as inputs of marine aerosols (Farrell et al., 1993 with all other environmentally significant radionuclides, of accessibility of radionuclides to roots in soils was adeven when subject to constraints on its mobility due to dressed by Wadey et al. (1994) and relates to the relalow redox potentials (Sheppard and Evenden, 1985) . tive vertical distributions of radionuclide activity concenOn the basis of the results presented here, the hitherto trations and roots within the soil profile. For example, poorly investigated
36
Cl seems likely to exceed even if a radionuclide is absent from the root zone, then it 99 Tc in its potential to contaminate vegetation and is can be considered inaccessible or unavailable. The use therefore clearly a radionuclide worthy of considerable of the WMAC and TF w in this study attempts to corattention, not necessarily only in the context of solid rect for different degrees of radionuclide accessibility radioactive waste disposal. between lysimeters and between years. The fact that WMAC values for deep and shallow lysimeters decreased significantly during the experiment (Fig. 3) 
